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Fungicide resistance is a limiting factor in sustainable crop production. Despite the wide
adoption of general resistance management strategies by growers, the recent rate of resistance
development in important fungal pathogens is concerning. In this study, Botrytis cinerea and the
high-risk fungicide fenhexamid were used to determine the effects of fungicide dose, tank
mixture, and application timing on resistance selection across varied frequencies of resistance via
both detached fruit assays and greenhouse trials. The results showed that application of doses
lower than the fungicide label dose, mixture with the low-risk fungicide captan, and application
post-infection seem to be the most effective management strategies in our experimental settings.
In addition, even a small resistant B. cinerea population can lead to a dramatic reduction of
disease control efficacy. Our findings were largely consistent with the recent modeling studies

which favored the use of the lowest possible fungicide dose for improved resistance

management.
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Chapter 1: Investigating the efficacy of fungicide spray tactics at
managing disease and limiting resistance selection in Botrytis cinerea
through detached fruit assays

Introduction

The recent rate of emergence of plant pathogens with resistance to a limited number of
commonly used fungicides is unprecedented and is considered a serious challenge to the
sustainability and security of crop production (Fisher et al., 2018). Selection for resistance in
fungal pathogen populations is a direct outcome of fungicide applications and the rate of
resistance emergence is determined by spray strategies, fungal genotype, and fungal reproductive
cycle (Lucas et al., 2015). General resistance management strategies such as rotation and
mixtures of fungicides have been widely implemented. However, limited lab experiments or
trials have been conducted to document the effects of fungicide rates, spray timing, and mixing
partners on resistance selection comprehensively (van den Bosch, Paveley, et al., 2014). Further,
to the best of our knowledge, no efforts have been made to quantify the extent to which the
efficacy of fungicides is compromised under varying frequencies of fungicide resistance.
Understanding the efficacy of fungicides under varied resistance scenarios is key to the
interpretation of resistance monitoring data and identification of effective fungicides.

Ideally, a fungicide dose recommended for a given diseases’ management needs to reach
its highest possible efficacy while selecting for resistance to the least extent. Greater disease
control efficacy of fungicides is expected when applied at a higher rate to control entirely
sensitive fungal populations (Berg et al., 2016). However, to the best of our knowledge, no

previous studies have specifically tested the disease control efficacy of fungicide doses under



varied resistance scenarios, and thus guidance for dose rates in the presence of resistance is
limited. Previous literature has indicated that the optimal dose for resistance management is
dependent on the phase of resistance development in which the fungicide application is made
(van den Bosch et al., 2011). The first stage of resistance development, emergence, is the period
in which a resistance-conferring mutation is not yet present in the fungal population. The second
stage, selection, occurs after a resistance-conferring mutation is introduced into the fungal
population. At this point, the continued use of the fungicide will increase the frequency of
resistant fungal isolates in the population (van den Bosch et al., 2011). The selective pressure of
chemical applications forms more favorable conditions for isolates with the resistance-conferring
mutation than the other remaining sensitive isolates. Previous integrated pest management
guidance has cautioned against the application of fungicides at lowered rates for proper
resistance management (Beckerman et al., 2015). Despite this, there remains little consensus on
higher or lower fungicide doses resulting in greater resistance selection. Field studies have
observed greater resistance selection resulting from lowered fungicide dose applications (Ayer et
al., 2020; Gubler et al., 1996; Steva, 1994). However, there have been other laboratory growth
chamber, field, and mathematical modeling studies supporting the application of lower doses for
lowered resistance selection (Genet et al., 2006; Metcalfe et al., 2000; van den Bosch et al.,
2011; van den Bosch, Oliver, et al., 2014). In addition, a previous study testing the efficacy of a
fungicide dose at half the rate of the labeled dose found the lowered application dose resulted in
lowered resistance selection. However, the lower resistance selection resulting from the halved
application rate was accompanied by decreased disease control (Dooley et al., 2016). Further
complicating the situation, some studies have found the dose to have no significant impact on the

selection of fungicide resistance (Burnett & Zziwa, 1997; Pijls & Shaw, 1997).



Another major focus of this research is to evaluate the merit of resistance management
strategies pertaining to the mixture of high-risk fungicides and low-risk (multi-site) fungicides.
Unlike high-risk fungicides, low-risk fungicides are much less prone to resistance development
in fungal populations, but they are regarded as less effective and less safe in general (Adaskaveg
et al., 2005). Mixing high-risk fungicides with low-risk fungicides may therefore provide
insurance for disease control and improve resistance management (Hobbelen et al., 2013;
Mikaberidze et al., 2014). Thus, it is generally advised to mix high-risk, single-site fungicides
with low-risk, multi-site fungicides to limit resistance emergence and slow resistance selection.
Previous studies have attempted to determine the efficacy of mixing fungicides to limit
resistance selection and disease control. Previous field study has found mixture to result in
lessened shifts towards resistance while effectively maintaining disease control (Forster & Staub,
1996; Oxley et al., 2008). Although, previous field work which did not observe a reduction in
resistance selection resulting from the mixing with the multi-site fungicide, captan, exists
(Northover, 1986). Mathematical modeling studies have found that a mixture of high and low-
risk fungicides in appropriate proportions can prove effective at maintaining disease control of
the target pathogen without significantly increasing selection for resistance (Mikaberidze et al.,
2014). These fungicide mixture combinations have also been shown to potentially extend the
effective lives of the single-site fungicides compared to applications of the single-site fungicide
alone (Berg et al., 2016).

The timing of fungicide application plays a significant role in the effectiveness of the
chemicals on disease control (Petit et al., 2010). Often fungicides are applied in a preventative,
pre-application manner based on spray schedules to stop potential fungal outbreaks and field

experimentation has shown greater disease control the earlier the fungicide application occurs



(Petit et al., 2010). Despite this, other previous field studies have shown fungicide applications
initiated after disease detection or artificial inoculation to be as effective as preventative sprays
(McGrath, 1996; Simpfendorfer, 2016). Importantly, the specific mode of action of the
chemistries applied should be considered. Contact (multi-site) fungicides primarily provide
protection on the surface of vulnerable plant tissue. In laboratory assays they have been shown to
provide high toxicity for conidial germination inhibition, however, they are significantly less
effective at limiting mycelial growth of Botrytis (Elad et al., 2007). Thus, current
recommendations encourage their use only in pre-application manners given their mode of action
is purely preventative, given their lack of systemic post-infection protection (Thind & Hollomon,
2018). Systemic fungicides have been shown to have a “kickback” effect when applied after
fungal infection. As the plants can absorb and transport the fungicide, they incur greater, more
uniform, protection despite poor spray coverage or delayed application timing (Klittich, 2014).
Thus, a greater opportunity may exist for their successful use during disease outbreaks and
instances of higher disease pressure. In addition, the accepted practice has advised against the
use of fungicides in a curative, post-application manner for resistance management (Brent,
1995). It is reasoned that this practice may elicit greater resistance selection when a larger
population of the pathogen is present and should be avoided for resistance management
strategies (Beckerman et al., 2015). Despite the risks associated with post-infection fungicide
sprays, previous studies have shown that delaying the first fungicide application on grapevines
until the first day of disease onset could halve fungicide use for similar efficacy and decrease
operator exposure (Chen et al., 2020). This chemical exposure remains a great concern regarding
the long-term use of multi-site fungicides. Another study testing the effect of delayed initial

fungicide application found effective disease management was achieved despite delaying the



first preventative fungicide application of the season (Caffi et al., 2010). However, to the best of
our knowledge, no studies have tested the efficacy of delaying fungicide application timing for
resistance or disease management against fungal populations with varied frequencies of
resistance.

Botrytis gray mold, causal agent Botrytis cinerea, is a serious disease globally causing
significant economic losses and remains one of the most important fungal diseases on various
fruit, vegetable, and ornamental plants (Dean et al., 2012). The wide range of hosts impacted by
the disease, more than 1400 plant species globally, underly the importance of effective disease
management (Elad et al., 2016). Management of the pathogen relies heavily on regular fungicide
applications throughout the growing season (Hu et al., 2016). As a polycyclic fungal pathogen,
B. cinerea may develop fungicide resistance quickly without proper stewardship of effective
active ingredients. B. cinerea is regarded as a model pathogen due to its proclivity for developing
resistance to new fungicide classes and often to forming multi-fungicide resistance (Fan et al.,
2017; Weber, 2011). With limited remaining effective fungicidal products labeled for botrytis
control due to resistance development to many common FRAC groups, resistance management
to the effective extant fungicide products currently available remains imperative. Resistance to
the single-site fungicide fenhexamid (tradename Elevate 50WDG, FRAC 17) has been observed
in B. cinerea populations in small fruit fields throughout the Mid-Atlantic at the frequency of
48% (Cosseboom & Hu, 2021). In contrast, captan-based fungicide products have remained
important for disease control and resistance management for Botrytis disease outbreaks due to
intrinsic difficulty in developing resistance to the multiple modes of action of the fungicide.

Often studies have examined the effect of dose, mixing, or application timing

individually under a single frequency of resistance. The aim of this study is to understand the



effects of these potential resistance management strategies together across varied starting
resistance scenarios to better understand their effectiveness at limiting resistance selection while
managing disease effectively. As noted above, resistance to fenhexamid in B. cinerea
populations is not uncommon and that the resistance frequency can vary between locations and
seasons (Fernandez-Ortufio et al., 2014). The first objective of this research is thus to determine
the efficacy of fenhexamid and captan fungicide application methods for controlling B. cinerea
populations with varying frequencies of resistance. It is hypothesized that the highest fungicide
dose, application of the fungicide pre-infection, and addition of a low-risk fungicide are the most
effective strategies for managing disease for entirely sensitive fungal populations as well as
scenarios in which resistance is present. The second objective of this research is to determine the
impact of high-risk fungicide dose, the involvement of low-risk fungicides, and the timing of
fungicide applications on resistance selection. It is hypothesized that the lowest fungicide dose
and addition of a low-risk fungicide are the most effective strategies for managing fungicide-

resistant populations, regardless of application timing.

Materials and methods

Detached fruit assay organization

A series of four unique detached fruit assays (three generations) on organic table grapes were
conducted and subsequently repeated to test the major factors outlined above. Across the
detached fruit assays a total of ten fungicide treatments were tested, however not all fungicide
treatments were included in all assays due to practical limitations. All other factors were

consistent between all the detached fruit assays.



Table 1. Fungicide treatment outline across the four unique detached fruit assays.

Fungicide TreatmentY

Detached Fruit Assay Resistance Scenario® 1 2 3 4 5 6 7 8 9 10
Assay 1 (Pre-Application)  Scenario 1 X X X X X X
Scenario 2 X X X X X X
Scenario 3 X X X X X X
Scenario 4 X X X X X X
Assay 2 (Pre-Application)  Scenario 1 X X X X X X X X
Scenario 2 X X X X X X X X
Scenario 3 X X X X X X X X
Scenario 4 X X X X X X X X
Assay 3 (Post-Application)  scenario 1 X X X X X X
Scenario 2 X X X X X X
Scenario 3 X X X X X X
Scenario 4 X X X X X X
Assay 4 (Post-Application)  scenario 1 X X X X X X X X
Scenario 2 X X X X X X X X
Scenario 3 X X X X X X X X
Scenario 4 X X X X X X X X

X Percentage of resistant spores in starting inoculum for scenarios 1-4 (0, 3, 10, and 30%).
Y Fungicide treatment concentrations and mixing partner presence are outlined in Table 2.

Isolate selection and media preparation

To ensure a good representation of resistant genotypes, four Botrytis cinerea isolates
previously collected and identified as fenhexamid-resistant were selected and used in this study
(Cosseboom & Hu, 2021; Hu et al., 2018). To confirm the phenotype of each isolate, cultures
were grown on potato dextrose agar (PDA) and incubated at 22°C in light conditions until
sporulation. Spores were harvested from the cultures and plated on both malt extract agar (MEA)
and malt extract agar amended with the discriminatory dose of 50 pg/mL fenhexamid previously
described (Weber & Hahn, 2011). The plates were incubated at 22°C in dark conditions to induce
germination. After 18 hours the lengths of the germination tubes were measured on both MEA
and MEA amended with 50 pg/mL fenhexamid. Isolates with germination tubes at least 50% the

lengths on the amended media compared to the unamended media were classified as resistant.



Isolates with germination tubes were less than 10% of the lengths on the amended media
compared to unamended media were classified as sensitive consistent with the stalled
germination tubes of fenhexamid-sensitive isolates observed in Weber & Hahn (2011). Very few
isolates had germination tubes between 10 - 50% of the lengths of the germination tubes on

unamended media, which were excluded and not selected for use in the detached fruit assays.

Inoculum preparation

Spore suspensions were prepared from a combination of eight above-mentioned B.
cinerea isolates. Autoclaved tap water was used to flood the plates of sporulating cultures.
Tween 20 was added to the water to facilitate the collection of spores. The resulting spore
suspensions from each of the sensitive isolates were mixed and diluted to a spore concentration
of 1x10° spores/mL (Dowling et al., 2016). This was repeated for the four resistant isolates. Then
the spore suspensions composed entirely of sensitive and resistant isolates of equal spore
concentrations were mixed to produce spore suspensions of 0%, 3%, 10%, and 30% resistant

spores, which served as the starting inocula for the detached fruit assays.

Fungicide application on detached grape berries

Organic grapes were surface sterilized using a 10% sodium hypochlorite solution for two
minutes, followed by rinsing in autoclaved deionized water for two minutes to remove residue.
Then they were dried for two hours in an open biosafety cabinet. Fungicide treatments varied in
the timing of their application relative to the artificial inoculation and subsequent infection.

Grapes treated in a pre-application manner were sprayed with their corresponding fungicide



treatments immediately following surface sterilization and kept in the biosafety cabinet for 30
minutes until dry. In contrast, grapes treated in a post-application manner were inoculated with
15 uL of spore suspension directly after surface sterilization. The corresponding fungicide
treatments were applied 48 hours later once disease symptoms were visible on most of the
berries (Figure 1). In addition, fungicide treatments varied in concentration and the presence of a
multi-site mixing partner. Concentrations of the single-site active ingredient included 1198
pg/mL, 839 pg/mL, 210 pg/mL, 25 pg/mL, and a 0 pg/mL control. The dose of 1198 pg/mL was
determined from the application rate on the fungicide label. The additional lower doses of 839
pg/mL, 210 pg/mL, and 25 pg/mL were included to test whether doses less than that of the
fungicide label were more effective at limiting resistance selection. The 4793 pg/mL
concentration of the multi-site fungicide was determined by a medium rate on the fungicide label
(Table 2).

Table 2. Outline of the active ingredient concentrations of the ten fungicide treatments in the
detached fruit assay experiments.

Fungicide Treatment Fenhexamid* Concentration (ug/mL)? Captan¥ Concentration (ug/mL)?

1 1198 0
2 839 0
3 210 0
4 25 0
5 0 0
6 1198 4793
7 839 4793
8 210 4793
9 25 4793
10 0 4793

*Trade name Elevate 50 WDG
Y Trade name Captan 80 WDG
ZFungicide doses were determined based on the application rate of 50 gallons of water per acre.



Inoculation and harvest

Each grape was gently stabbed via an autoclaved toothpick to create a wound site for
inoculation with 15 uL of spore suspension. The grapes were incubated in a sterilized box with
moistened paper towels to maintain a high relative humidity and induce fungal infection. After
48 hours the lids were removed from the boxes to allow for a decrease in humidity to promote
sporulation on the infected grapes. After another five days, the diameter of the lesions was
measured for each berry. The lesion measurements included both a vertical diameter
measurement as well as a horizontal diameter measurement. The following day, spores were
harvested from all berries from each replicate. The spores were harvested by manually scraping
the surface of the berries with a moistened inoculation loop. A spore suspension was obtained
from each replicate, which was subsequently plated on both MEA and MEA amended with 50
pg/mL fenhexamid to determine the ratio of the resistant phenotype. Then spore suspensions
obtained from each replicate, which were used in the plating for fungicide resistance
quantification, were then used to inoculate the next set of grapes and acted as the starting
inoculum for the subsequent generation. This process of harvesting spore suspensions from the
disease fruit to serve as the inocula for the next generation was conducted twice such that each

detached fruit assay was continued for three successive generations (Figure 1).

Spore counting and phenotyping

The MEA plates spread with spore suspensions were incubated at 22°C under dark
conditions to promote spore germination. After 18 hours the plates were removed, and the
relative frequency of resistance was measured for each replicate. The phenotype of thirty spores

was observed by analyzing three groups of ten spores on each plate. Consistent with the protocol
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for isolate selection, spores on the fungicide amended plates were counted as resistant if their
germination tubes were at least 50% the length of the average germination tube on their
corresponding unamended plate. In contrast, spores were classified as sensitive if their
germination tubes were less than 10% the length of the average germination tube on their
corresponding unamended plate (Figure 2). Spores with unclear phenotypes and germination
tubes between 10 - 50% of the average lengths of the germination tubes on unamended media

were rare and excluded.

Detached Fruit Assay Protocol
O
7 Day Incubation
Pre-Infection
Application \

Fungicide Application Inoculation Lesion Measurements
\ 7 3
\\ Harvest Plate
\ Spores/ Make Spore Spores/Determine
2 Day Incubation 5 Day Incubation Suspensions Resistance Ratio
Post-Infection
Application
Inoculation Fungicide Application Lesion Measurements

x2 (3 Generations Total)

Figure 1. Protocol for the pre-application and post-application detached fruit assays. The figure
shows the process for a single generation. Each detached fruit assay includes two additional
generations not illustrated above, which are inoculated with the spore suspensions obtained from
the previous generation’s grapes.
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Figure 2. Examples of Botrytis cinerea spores on MEA plates amended with 50 pg/mL
fenhexamid. Sensitive spores with short, stunted germination tubes are visible throughout the
field of view. A single resistant spore with normal germination tube elongation consistent with
the germination of spores on unamended MEA control plates is visible on the lower-right
quadrant of the field of view.

Statistical analysis

Eight individual detached fruit assay datasets were combined. Disease lesion diameter
measurements were taken over three generations through three individual rounds of inoculation
and fungicide application. The lesion diameters were averaged across the three generations to
quantify Botrytis disease severity. In addition, the ratio of fenhexamid resistance was averaged
across the three generations to evaluate the resistance selection for each unique fungicide
treatment. Using the JMP Pro 15 software, the average lesion diameter and average resistance
rate data were tested for unequal variances to determine the appropriateness of combining
datasets. The Brown-Forsythe test was used to compare the variance of the four unique detached
fruit assays to their four respective repetitions. The four tests resulted in p-values of 0.43, 0.81,

0.31, and 0.28 for the average lesion diameter values. Testing the second response variable,
12



average resistance rate, resulted in p-values of 0.82, 0.08, 0.32, and 0.29. Further, the four unique
detached fruit assay datasets once combined with their respective repetitions were combined
across application timings through the comparison of the 95% confidence intervals of two
fungicide treatments common throughout all detached fruit assays. Significant overlap existed in
the 95% confidence intervals for these fungicide treatments indicating strong consistency in the
average resistance rate and lesion diameter measurements across assay types. The successful
combination of datasets allowed for the analysis of variance between the means of both response
variables with the all-pairs Tukey-Kramer HSD test. To determine the effect of individual factors
on both disease severity and resistance selection, fungicide treatments varying only in the factor
of interest were compared. The results of all comparisons of a particular factor were compiled
despite differences in the other factors that were tested simultaneously. Thus, herein the term
“situations” is used to reflect the diversity of other factors that were blocked during the
comparison of the factor of interest. As a result, the term may carry a unique meaning dependent

on the individual factor of interest being discussed.
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Results

Efficacy of fungicides under varied frequencies of resistance
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Figure 3. Fungicide efficacy under varied frequencies of resistance to Fenhexamid.

The efficacy of the single-site fungicide, fenhexamid, for controlling Botrytis was

assessed under varied resistance scenarios. In Figure 3, a correlational analysis was conducted to

understand the extent to which the disease control of the fungicide was lost as the rate of

fungicide resistance in the inocula increased. This analysis was stratified based on the presence
of the multi-site mixing partner, captan. Both fitted polynomial curves resulted in low p-values,

<0.0001, and a significant positive cubic association between the average resistance rate of the

inocula and the resulting average disease control efficacy of the fungicide treatments was

observed for the analysis of variance. Further, the curves resulted in R values of 0.668 and 0.543

indicating that approximately 66.8% and 54.3% of the total variability in average disease control
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efficacy can be explained by its association with the average resistance rate for scenarios of no
mixture and those with captan, respectively. Effective disease control was widely observed at
rates of very low resistance (0-10%) as indicated by the high y-intercept values of the curves of
84.66% and 83.56%. Importantly, disease control efficacy decreased sharply between the
resistance rates of 10% and 30% potentially highlighting a threshold for resistance for which
disease control is no longer possible. Both curves plateaued from the average resistance rates of
approximately 30% to 60%. The plateau of the curve of treatments mixed with captan occurred
at approximately 50% disease control efficacy. In contrast, the plateau of treatments of the
single-site fungicide alone occurred closer to 35%. This indicates the addition of captan provides
improved disease control under scenarios of high rates of resistance when compared to treatment

with the at-risk, single-site fungicide alone.

Prior to resistance emergence (0% starting inoculum)

Disease Severity (0% Starting Resistance)

Average Lesion Diameter (mm)

Water
Control

No Captan | Tank Mixed with Captan |
Fungicide Treatment (Fenhexamid Dose pg/mL)

Figure 4. Disease control efficacies of various fungicide treatments on detached grape berries
inoculated with only sensitive B. cinerea isolates. The “Pre” and “Post” data series labels
designate the timing of the fungicide application as before or after artificial inoculation,
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respectively. Fungicide treatments that were tank mixed with captan contained an active
ingredient concentration of 4793 pg/mL.

Under entirely sensitive scenarios, the labeled dose (1198 pg/mL) as well as two
experimental lower doses of 839 pug/mL and 210 pg/mL resulted in consistently high levels of
disease control. The efficacies for the same doses were not affected statistically when mixed with
captan. In addition, the doses all had statistically significant differences from the water control
treatment (O pg/mL). The lowered 210 pg/mL fenhexamid dose mixed with captan when applied
in a post-application manner resulted in the lowest average lesion diameter numerically.
Interestingly, the lowest experimental dose (25 pg/mL) mixed with captan resulted in a moderate
level of disease control often being statistically different from both the water control and labeled
dose of fenhexamid. The 25 pg/mL fenhexamid dose provided significantly lower average lesion
diameter values than the water control (0 pg/mL), indicating greater disease control. However,
the dose also resulted in significantly higher average lesion diameter values than the higher
fenhexamid doses tested, regardless of application timing or presence of captan. On one occasion
the 25 pg/mL dose was statistically grouped with a higher dose. When applied in the post-
infection timing with captan, the 25 pg/mL dose was statistically similar to the 839 ug/mL
fenhexamid dose. The disease control efficacies resulting from the pre- and post-infection
application timings are largely comparable with the only statistically significant difference
observed at the 25 pg/mL dose without captan (Figure 4).

Under entirely sensitive fungal population scenarios, the application of the higher
fungicide dose maintained effective disease control regardless of the presence of captan or spray
timing. The higher dose resulted in greater disease control numerically in 75% of situations (12

of 18 statistically significant) when directly compared to the lower doses individually. The
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higher dose was consistently more effective across application timings and the presence of a
multi-site mixing partner. The mixture with a multi-site fungicide did not frequently result in
statistically different disease management. When compared to the treatments of fenhexamid
alone at equal doses, treatments mixed with captan resulted in lower average lesion diameters
numerically in 70% of situations, however only 1 of 7 comparisons were statistically significant.
The timing of the fungicide application resulted in insignificant differences in disease control

when fungicide treatments of equal rates of fenhexamid and captan were compared.

Limited resistance (3% starting resistance inoculum)
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Figure 5. Disease control efficacies of various fungicide treatments on detached grape berries
inoculated with both fenhexamid resistant and sensitive isolates at a concentration of 3% spores
resistant to fenhexamid. The “Pre” and “Post” data series labels designate the timing of the
fungicide application as before or after artificial inoculation, respectively. Fungicide treatments
that were tank mixed with captan contained an active ingredient concentration of 4793 pg/mL.

In the presence of 3% resistant populations, disease control was greatly diminished with
significantly higher average lesion diameter values for all fungicide treatments compared to that

of the 0% starting inoculum. Disease management was more effective in the absence of resistant
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populations than that of 3% resistance ratio for all fungicide treatments (12 of 16 statistically
significant) across both application timings, excluding the water and captan-only controls.
Compared to the 0% resistance ratio, the average lesion diameter values averaged across all
fungicide treatments increased by approximately 124% and 88% for pre- and post-infection
applications, respectively. Numerically, the fungicide treatment that resulted in the lowest
average lesion diameter value in the pre-infection application timing was the lowered 210 pg/mL
fenhexamid dose mixed with captan. However, this treatment was not statistically different than
the other doses of fenhexamid. In addition, the fungicide treatment that resulted in the lowest
average lesion diameter value numerically in the post-infection application timing was the
lowered 25 pg/mL fenhexamid dose mixed with captan, but no significant differences were
observed when compared to the other fenhexamid doses tested. (Figure 5).

The treatments with the higher dose of the single-site fungicide resulted in lower average
lesion diameter values numerically in only 25% of situations (6 out of 24) when directly
compared to the lower doses. Further, none of the instances in which the higher dose resulted in
lower average lesion diameter values were statistically significant. Thus, neither the higher nor
lower dose seemed to be better at controlling disease in the presence of low levels of resistance
to the at-risk fungicide. The mixing of a multi-site fungicide had a clear benefit on disease
control in the presence of resistance. When compared to the treatments of fenhexamid alone at
equal doses, treatments mixed with captan resulted in lower average lesion diameter values
numerically in 90% of situations (7 of 9 statistically significant). Delayed application in a post-
infection manner resulted in lower average lesion diameter values numerically in 70% of

situations (3 of 7 statistically significant).
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Figure 6. Resistance selection of various fungicide treatments on detached grape berries
inoculated with both resistant and sensitive isolates at a concentration of 3% spores resistant to
fenhexamid. The “Pre” and “Post” data series labels designate the timing of the fungicide
application as before or after artificial inoculation, respectively. Fungicide treatments that were
tank mixed with captan contained an active ingredient concentration of 4793 pg/mL.

The application of fenhexamid at the labeled dose (1198 pg/mL) selected for near-
complete resistance across application timings and mixing partner presence. The most effective
fungicide treatment at limiting resistance selection was the 25 pg/mL fenhexamid dose, mixed
with captan, and applied in the post-infection manner (Figure 6). The treatment did not
significantly select for resistance as its average resistance rate was statistically grouped with the
water and captan-only controls containing 0 pg/mL fenhexamid. In addition, the 25 pg/mL dose
mixed with captan resulted in an average resistance rate that was statistically lower than all other
doses of fenhexamid. This was consistent for both pre- and post-infection fungicide application
timings.

Fenhexamid dose played a major role in the selection of resistance. The lower dose

resulted in lower resistance selection numerically in 83% of the situations (11 of 20 statistically
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significant). Mixture with captan had a consistent benefit of lowering average resistance rates
across applications timings and fenhexamid doses. When compared to the treatment of equal
fenhexamid dose alone, fungicide treatments mixed with captan resulted in lower resistance
selection numerically in 90% of situations (7 of 9 statistically significant). In addition,
application timing had a clear impact on resistance selection. Post-application fungicide
treatments resulted in lower resistance selection numerically in 100% of situations (6 of 10

statistically significant) when comparing treatments of equal fenhexamid dose and mixture.

Intermediate resistance (10%o starting resistance inoculum)
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Figure 7. Disease control efficacies of various fungicide treatments on detached grape berries
inoculated with both resistant and sensitive isolates at a concentration of 10% spores resistant to
fenhexamid. The “Pre” and “Post” data series labels designate the timing of the fungicide
application as before or after artificial inoculation, respectively. Fungicide treatments that were
tank mixed with captan contained an active ingredient concentration of 4793 pg/mL.

In the presence of an intermediately sized resistant fungal population, disease control was
greatly diminished with significantly larger average lesion diameter values for all fungicide

treatments compared to that of the 0% starting resistance ratio. When comparing the disease
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severity in scenarios with resistance present, none of the differences between 3% and 10%
fungicide treatments were significant, which may indicate that just the presence of the resistance
genotype is enough to cause sufficient insensitivity to the fungicide and a widespread loss of
disease control. Compared to the 3% resistance scenario, the average disease lesion diameter
values averaged across all fungicide treatments increased by 2.8% and 8.2% for the pre- and
post-infection application timings, respectively in the 10% starting resistance scenario. The most
effective fungicide treatment for disease control numerically in both the pre-infection and post-
infection application timing was the lowered 210 pug/mL fenhexamid dose mixed with captan
(Figure 7). In the pre-infection timing, the treatment had statistically lower average lesion values
than both the water and captan only controls (0 pg/mL) as well as all fenhexamid treatments
without captan except for the 25 pg/mL dose. In the post-infection timing, the treatment resulted
in statistically lower average lesion values compared to the water control (O pg/mL) but did not
result in statistical differences between any other fungicide treatments.

Treatments with the higher dose of fenhexamid were more effective in controlling disease
numerically in 29% of situations (7 out of 24) when compared to the lower doses. Further, none
of the instances in which the higher dose resulted in lower average lesion diameter values were
statistically significant. Of the 17 situations in which the lower dose resulted in greater disease
control, three were statistically significant. Thus, neither the higher nor lower dose was
definitively better at controlling disease in the presence of higher levels of resistance to the at-
risk fungicide. At the higher starting resistance level, 10%, mixing with a multi-site fungicide
continued to provide a clear benefit to disease control. When compared to the treatments of
fenhexamid alone at equal doses, treatments mixed with captan resulted in lower average lesion

diameter values numerically in 100% of situations (4 of 10 statistically significant). Application
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in a pre-infection manner resulted in lower average lesion diameter values numerically in 80% of
situations. However, none of the differences observed were statistically significant between the

application timings.
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Figure 8. Resistance selection of various fungicide treatments on detached grape berries
inoculated with both resistant and sensitive isolates at a concentration of 10% spores resistant to
fenhexamid. The “Pre” and “Post” data series labels designate the timing of the fungicide
application as before or after artificial inoculation, respectively. Fungicide treatments that were
tank mixed with captan contained an active ingredient concentration of 4793 pg/mL.

Consistent with the previous starting resistance scenario, the application of fenhexamid at
the labeled dose selected for near-complete resistance across application timings and mixing
partner presence. Similarly, the most effective fungicide treatment at limiting resistance selection
numerically in both the pre-infection and post-infection application timings was the 25 pg/mL
fenhexamid dose mixed with captan (Figure 8). In the pre-infection timing, the treatment had
statistically lower average resistance rate values than all other fungicide treatments containing
fenhexamid, while having statistically higher average resistance rate values than the water and

captan only controls (O pug/mL). In the post-infection timing, the treatment resulted in statistically
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lower average resistance rate values compared to all other fungicide treatments containing
fenhexamid, while still being statistically the same to the controls. Thus, the fungicide 25 pg/mL
dose, mixed with captan, and sprayed in a post-infection manner did not significantly select for
resistance to fenhexamid.

The lower dose resulted in lower resistance selection numerically in 88% of the situations
(9 of 21 statistically significant). When compared to the treatment of equal fenhexamid dose
alone, fungicide treatments mixed with captan resulted in lower resistance selection numerically
in 90% of situations (7 of 9 statistically significant). In addition, application timing had a clear
impact on resistance selection. Post-application fungicide treatments resulted in lower resistance
selection numerically in 100% of situations (5 of 10 statistically significant) when comparing
treatments of equal fenhexamid dose and mixture. In scenarios of 10% starting frequencies of
resistance in the population, application of at a lowered dose, mixed with a multi-site fungicide,
and after infection seemed to be the most efficacious strategies for resistance management. These
outcomes were consistent with the trends identified from the results of the resistance selection

under 3% starting inoculum.
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Widespread resistance (30%o starting resistance inoculum)
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Figure 9. Disease control efficacies of various fungicide treatments on detached grape berries
inoculated with both resistant and sensitive isolates at a concentration of 30% spores resistant to
fenhexamid. The “Pre” and “Post” data series labels designate the timing of the fungicide
application as before or after artificial inoculation, respectively. Fungicide treatments that were
tank mixed with captan contained an active ingredient concentration of 4793 pg/mL.

At the 30% resistance ratio, disease control was greatly diminished with significantly
higher average lesion diameter values for all fungicide treatments compared to the 0% resistance
ratio. When comparing the disease severity in scenarios with resistance present, none of the
differences between 10% and 30% fungicide treatments were significant, which once again may
indicate that just the presence of the resistance genotype is enough to cause sufficient
insensitivity to the fungicide and a widespread loss of disease control. Compared to the 10%
resistance ratio, the average disease lesion diameter values averaged across all fungicide
treatments increased by 1.5% and 0.7% for pre- and post-infection applications, respectively. In
the pre-infection timing, the fenhexamid dose of 210 pg/mL mixed with captan resulted in the

lowest average lesion diameter numerically, however, the treatment was statistically grouped
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with all other pre-infection timed fungicide treatments. Thus, at 30% starting resistance no
significant differences in disease control was observed between fungicide treatments when
applied preventatively. In contrast, in the post-infection timing, the lowered 25 pg/mL
fenhexamid dose mixed with captan resulted in the lowest average lesion diameter numerically.
However, the treatment was not statistically different from all other fungicide treatments
containing fenhexamid and only retained statistical difference from the water control (0 pg/mL)
(Figure 9).

The treatments with the higher dose of the single-site fungicide were more effective in
controlling disease numerically in 25% of situations (6 out of 24) when directly compared to the
lower doses. Further, none of the instances in which the higher dose resulted in lower average
lesion diameter values were statistically significant. In the presence of widespread fenhexamid
resistance, neither the higher nor lower dose controlled disease more effectively. Consistent with
previous starting resistance ratios, the mixing of a multi-site fungicide continued to provide a
clear benefit to disease control. When compared to the treatments of fenhexamid alone at equal
doses, treatments mixed with captan resulted in lower average lesion diameter values
numerically in 90% of situations (3 of 9 statistically significant). No statistically significant

differences were observed between fungicide application timings.
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Figure 10. Resistance selection of various fungicide treatments on detached grape berries
inoculated with both resistant and sensitive isolates at a concentration of 30% spores resistant to
fenhexamid. The “Pre” and “Post” data series labels designate the timing of the fungicide
application as before or after artificial inoculation, respectively. Fungicide treatments that were
tank mixed with captan contained an active ingredient concentration of 4793 pg/mL.

Consistent with previous starting resistance ratios, at 30% starting resistance, the
application of fenhexamid at the labeled dose selected for near-complete resistance across
application timings and mixing partner presence. The most effective fungicide treatment at
limiting resistance selection numerically in both the pre-infection and post-infection application
timings was the 25 pg/mL fenhexamid dose mixed with captan (Figure 8). However, in the pre-
infection timing, the treatment was statistically the same as most other fungicide treatments
containing fenhexamid, while being statistically different than the water control (O pg/mL). In
contrast, in the post-infection timing the 25 pg/mL fenhexamid dose mixed with captan treatment
resulted in statistically lower average resistance rate values compared to all other fungicide

treatments containing fenhexamid, while still being statistically the same as the controls. Thus,
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the fungicide 25 pg/mL dose, mixed with captan, and sprayed in a post-infection manner did not
significantly select for resistance to fenhexamid.

The lower dose resulted in lower average resistance rates numerically in 92% of
situations (11 of 22 statistically significant). When compared to the treatment of equal
fenhexamid dose alone, fungicide treatments mixed with captan resulted in lower average
resistance rates numerically in 100% of situations (6 of 10 statistically significant). Post-
application fungicide treatments resulted in lower resistance selection numerically in 70% of
situations (5 of 7 statistically significant) when comparing treatments of equal fenhexamid dose
and mixture. The benefit of a lowered fenhexamid dose, mixing with captan, and application of
the fungicide after infection at managing resistance has been consistent across 3, 10, and 30%

starting resistance frequencies.

Discussion

In this chapter, we determined the extent to which fungicide efficacy was lost in the
presence of resistance to the at-risk fungicide, fenhexamid. In addition, we compared the
effectiveness of different spray tactics including altered fungicide dose, tank mixtures, and
application timings on resistance management and disease control. One of our main goals was to
quantify the detrimental effect of varying rates of fungicide resistance on the ability of fungicides
treatments to control their target pathogen. Disease control efficacy of the fungicide treatments
declined by approximately 40% in the presence of resistance rates of 10%, regardless of the
mixture with captan (Figure 3). In the case of fungicide treatments of the single-site fungicide
alone, disease control efficacy was further reduced to approximately 35% in the presence of

resistance rates greater than 30%. In contrast, fungicide treatments mixed with the multi-site
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fungicide, captan, maintained approximately 50% disease control efficacy until resistance rates
greater than 60% were reached. This is likely attributed to the nondiscriminatory nature of the
captan fungicide’s broad-spectrum mode of action, which retained toxicity to the Botrytis
populations regardless of their fenhexamid resistance phenotype. These findings highlight the
imperative to limit selection of resistant fungal populations in order to maintain effective disease
control with extant fungicides.

Resistance management strategies are often limited in their implementation by their
impact on disease control efforts. However, recommendations for fungicide applications that
have the potential to effectively manage disease whilst limiting resistance selection compared to
current spray recommendations should be highlighted to growers and industry stakeholders.
Based on the results of the detached fruit assays in the controlled laboratory environment, under
no circumstance would the labeled rate of fenhexamid be recommended for either disease control
or resistance management in this pathosystem and active ingredient combination. Doses
significantly lower than the labeled dose were shown to control disease similarly across all
resistance scenarios, including entirely sensitive fungal populations. Consistent with the findings
of previous growth chamber and modeling studies, the lower doses of the at-risk, single-site
fungicide fenhexamid were shown to be more effective at limiting resistance selection in the
presence of resistance when compared to the higher doses (Genet et al., 2006; van den Bosch et
al., 2011; van den Bosch, Oliver, et al., 2014). The lower dose of fenhexamid resulted in lower
average resistance rates numerically in 63 of 72 scenarios (31 of 63 statistically significant)
(Figures 6, 8, 10). However, some previous field studies have found the lower dose to select for
resistance at greater rates than higher doses of single-site fungicide (Ayer et al., 2020; Steva,

1994). Environmental factors associated with field experimentation may have contributed to the
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conflicting results with Ayer et al. (2020) highlighting the necessity for further research in
controlled environments. In addition, other potential factors leading to the differing results
reported in Steva (1994) include the field’s spray history and introduction of additional isolates
with resistance from the environmental inocula that were not actively selected for by the spray
programs.

Previous mathematical modeling studies have demonstrated the benefit of mixing with a
multi-site fungicide for more effective disease control and resistance management (Hobbelen et
al., 2013; Mikaberidze et al., 2014). However, previous work had not investigated the effect of
mixing under varied frequencies of resistance. Across all four starting frequencies of resistance,
fungicide treatments mixed with captan resulted in lower disease severity numerically in 35 of 40
situations (15 of 35 statistically significant) when compared to treatments of equal fenhexamid
dose applied alone (Figures 4, 5, 7, 9). The curves resulting from the models of average
resistance rate and disease control efficacy highlighted the benefit of mixing with captan for
disease control in agreement with previous findings. Both curves showed a significant loss of
disease control efficacy in the presence of fungicide resistance, however the curve of captan
mixed treatments experienced a plateau at a significantly higher percentage of disease control
than the curve of the single-site fungicide alone (Figure 3). In addition, mixing with captan
provided statistically lower resistance selection across all three starting resistance levels. Mixing
with captan resulted in lower resistance selection numerically in 28 of 30 situations (20 of 28
statistically significant) (Figures 6, 8, 10). Our results on fungicide mixtures are consistent with
previous field trials reported in Forster & Staub (1996) and Oxley et al. (2008), which found
mixtures to lessen shifts towards resistance in Botrytis and Rhynchosporium populations,

respectively. However, conflicting results were reported in Northover (1986), which found
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captan to have no impact or mitigative effect on resistance selection to the single-site fungicides
benomyl or iprodione in B. cinerea. The differences in results between our study and that of
Northover (1986) can likely be attributed to the method of resistance quantification. Northover
(1986) quantified resistance through the number of isolates with resistance recovered after
fungicide treatment. The drawback of this method is that it could overestimate the frequency of
resistance in the fungal populations as only one resistant spore is needed to grow on the
fungicide amended media for the sample to be classified as a resistant phenotype. In contrast, our
study individually phenotyped fungal spores to gather a more accurate measure of the relative
frequency of resistance in the population. Our methodology accounts for variability of fungal
sporulation between phenotypes and thus considers potential fitness costs associated with
fungicide resistance. Based on these results, the continued use of low-risk, multi-site fungicides
are critical for greater disease control and lessening resistance selection for the few remaining
effective single-site fungicides. Consistent with the findings of previous mathematical model
studies evaluating mixing, it would be optimal to include as much low-risk, multi-site fungicide
with the lowest amount of the high-risk, single-site fungicide possible while maintaining
effective disease control (Elderfield et al., 2018).

Application of fungicide treatments in a curative, post-infection manner resulted in
statistically similar levels of disease control throughout all resistance ratios compared to the
preventative, pre-infection spray timing. Interestingly, Petit et al. (2010) found that the earlier the
preventative fungicide application, the greater the protection and subsequent disease control.
Instead our results are consistent with the findings of McGrath (1996) and Simpfendorfer (2016),
which found that delaying fungicide application to after disease onset or after artificial

inoculation was as effective in controlling disease as preventative spray programs. A possible
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rationale for the differences between our findings and those in Petit et al. (2010) may be
explained by the ambiguity of their fungicide applications in relation to the timing of infection.
In our research, artificial inoculation allowed for precise timing of the fungicide applications
either before or after infection. In contrast, the field trials conducted in Petit et al. (2010) may
have had many points of Botrytis infection due to environmental inocula. Thus, it is difficult to
ascribe a fungicide application as purely preventative or curative when the time of infection is
unknown. Thus, the artificial inoculation conducted in our study as well as Simpfendorfer (2016)
allow for more confident assumptions in the nature of the fungicide spray timing relative to
fungal infection. These results could present a significant opportunity for growers to delay
applications until fungal infection is detected in the field. Current fungal infection forecasting
models rely on same-day weather data to determine the necessity of fungicide applications
(Broome et al., 1995; MacKenzie & Peres, 2012). Thus, growers intervening using these models
are likely making applications in a more curative, post-infection manner. In addition, the
detached fruit assays showed that the post-infection application timing resulted in significantly
less resistance selection across all ratios of starting resistance tested (Figures 6, 8, 10). These
findings support the continued use of the disease forecasting models to determine spray
applications because the delayed timing provided equivalent disease control while limiting
resistance selection more effectively.

Limitations exist in the application of the detached fruit assay findings due to the nature
of laboratory assays. The lack of direct UV light, consistent temperature, and absence of
moisture to remove fungicide residue, all of which may degrade the fungicide in greenhouse or
field settings, make laboratory conditions the most ideal setting for the efficacy of the fungicides

being tested (Wotejko et al., 2016). As the lowering of the at-risk, single-site fungicide dose was
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a central conclusion drawn from the assays it is imperative to further validate the results.
Although significantly lowered doses of fenhexamid were able to control disease comparably to
the labeled dose, environmental factors present in the greenhouse or field settings may alter and
impact the efficacy of the lowered doses and thus overall recommendations on dosage. Despite
this, the fundamental trends for best managing resistance are clear for this pathosystem and
active ingredient combination. Recommendations for the dose of the at-risk, single-site fungicide
should focus on the lowest possible rate for maintenance of effective disease control.
Unnecessary application at the labeled dose may be incurring greater resistance selection, higher
input costs for growers, and higher exposure for applicators all while providing little to no
benefit on disease control. Mixing with a multi-site fungicide often resulted in significantly
better disease control and lower resistance selection making it an important tactic for deployment
against Botrytis populations with varied frequencies of resistance. In addition, fungicide
application in the post-infection manner was as effective as preventative sprays at controlling
disease. Importantly, post-infection fungicide applications were determined to result in lower
resistance selection than preventative, pre-infection, fungicide applications. Under controlled
laboratory conditions, the application of the single-site fungicide at a lowered rate, mixed with
captan, and sprayed in a post-infection manner are the most effective methods for limiting
resistance selection regardless of the frequency of resistance already present in the fungal
population. Further, these recommendations would be expected to largely result in equivalent
levels of disease control compared to preventative applications at the labeled dose of the single-

site fungicide based on our findings.
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Chapter 2: Validation of fungicide spray tactics for managing disease
and limiting resistance selection in Botrytis cinerea through greenhouse
assays

Introduction

Botrytis bunch rot (BBR) is a common wine grape disease in the Mid-Atlantic region
resulting in significant economic losses. Botrytis cinerea infection of grape clusters causes the
proliferation of gray conidial masses and overwhelming rot of the fruit (Wilcox et al., 2015).
Environmental and climatic conditions conducive to Botrytis infection and colonization are cool
temperatures and high moisture (Bettiga, 2013). Infection of highly susceptible anthers at bloom
can result in latent Botrytis infections (Nair et al., 1995). These latent infections often result in
heightened disease incidence at later physiological stages of berry maturity, particularly after
veraison (Keller et al., 2003). Further, secondary infections often occur within the same cluster
on adjacent berries or from the aerial spread of spores to nearby clusters (Gonzalez-Dominguez
et al., 2015). As a primary pathogen on grape clusters, B. cinerea can gain entry and cause
infection in both wounded and unwounded berries. Common cultural control methods for the
disease are to limit mechanical wounding on the berries, removal of infected plant material to
limit primary infections from overwintering structures, and canopy thinning (Bettiga, 2013).
Despite these efforts, chemical applications remain the most effective control methods of the
disease throughout the growing season (Wilcox et al., 2015). Targeted fungicide applications
during weather conditions considered to be high risk for Botrytis infection remain critical for

disease control (Bettiga, 2013).
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BBR is commonly controlled through the application of fungicides at four important
physiological stages of grape cluster development. Current spray guidance recommends
applications at mid-bloom to prevent latent infections, prior to berry touch, early veraison to
protect newly susceptible berries, and a few weeks after veraison to protect against secondary
spread before harvest (Wilcox et al., 2015). Fungicides commonly used for control of BBR
include phenylpyrroles, succinate dehydrogenase inhibitors, anilinopyrimidines, dicarboximides,
and hydroxyanilides all of which possess single-site modes of action (Alzohairy et al., 2021;
Leroux et al., 2002). These chemical groups are typically rotated or used in a mixture with a
multi-site fungicide such as captan for BBR control throughout the growing season. Fenhexamid,
a hydroxyanilide, has high efficacy and is relatively inexpensive making it an excellent fungicide
in spray programs. However, resistance development has become a significant threat to the
continued use of fenhexamid for the control of BBR. Fenhexamid resistance has been detected
and quantified across the continental United States. In California vineyards, resistant isolates
were collected at a frequency of 13.7% (Saito et al., 2019). Across four years, fenhexamid
resistance rates increased in Michigan vineyards from 3.4% to 38.4% (Alzohairy et al., 2021).
Although common for grapevine disease management, fenhexamid is often sprayed for disease
control in other small fruit crops. Resistance frequencies of 17% and 30% have been observed in
Carolina and Florida strawberry fields, respectively (Amiri & Peres, 2014; Grabke et al., 2013).
In addition, resistance to fenhexamid was observed at 29.3% in California and Washington
blueberry fields (Saito et al., 2016).

Previous laboratory detached fruit assays described in the chapter 1 have highlighted key
prospective fungicide application strategies for controlling disease and limiting resistance

selection across a diverse range of frequencies of fungicide resistance. Despite this, clear
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limitations exist in the application of these findings. Laboratory assays have limited exposure to
ultraviolet light (UV), moisture events, and varying temperatures. These external factors can
have a significant impact on the efficacy of the fungicides applied. Although a nominal dose of
fungicide may be formulated in the lab, the effective dose once sprayed in the greenhouse or
field may be lower due to imperfect spray coverage or dilution from excess moisture. In addition,
the degradation of the active ingredient caused by heat and UV exposure may limit the efficacy
of the fungicides applied. Thus, the primary objective is to validate a previously identified lower
dose of fenhexamid and involvement of captan for BBR control and fungicide resistance

management using potted grapevines in the greenhouse.

Materials and methods

Inoculation and fungicide applications

In the summer of 2021 and 2022, potted grapevines, Vitis vinifera 'Cabernet Sauvignon',
on drip irrigation were grown at the greenhouse research complex of University of Maryland
College Park to provide clusters for in vivo testing of the factors examined in the detached fruit
assays. At approximately 50% bloom, artificial inoculation with a mixture of eight Botrytis
cinerea isolates was conducted. Spore suspensions containing 0, 5, and 15 percent fenhexamid-
resistant spores were sprayed onto their respectively labeled blooms. The varied rates of
fenhexamid-resistant spore suspensions were made by adding four Botrytis cinerea isolates
previously collected and identified as fenhexamid-resistant (Cosseboom & Hu, 2021; Hu et al.,
2018). Plastic bags were used to cover the blooms immediately following the spray inoculation
to retain moisture and facilitate conditions conducive for fungal infection. Two days after

inoculation the bags were removed and the first, bloom stage, fungicide application was
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conducted. Three subsequent fungicide applications were conducted at the major cluster
physiological stages of bunch closure, veraison, and pre-harvest, as normally recommended for
BBR management. Six distinct fungicide treatments were tested. Three of these treatments
included only the fenhexamid dose from the fungicide label of 1198 pg/mL, an exploratory
lower dose of 210 pg/mL, or water control. The other three fungicide treatments used the
fenhexamid doses listed above in a mixture with captan at medium dose of 4793 pg/mL as
outlined in (Table 3). Fungicide applications were conducted using handheld spray bottles to
provide better, more consistent coverage on the grape clusters (replicates). The 2021 greenhouse
experiment included a total of 144 replicates and the 2022 greenhouse experiment included a
total of 432 replicates. All treatments were randomized throughout the greenhouse cell, but only
replicates requiring the same fungicide treatment were included on the same grapevine to

minimize spray drift between clusters on the same grapevines that would confound treatments.

Table 3. Outline of the active ingredient concentrations of the six fungicide treatments in the
greenhouse experiments.

Fungicide Treatment Fenhexamid* Concentration (ug/mL)? Captan¥ Concentration (pug/mL)*
1 1198 0

2 210 0

3 0 0

4 1198 4793

5 210 4793

6 0 4793

*Trade name Elevate 50 WDG
Y Trade name Captan 80 WDG
ZFungicide doses were determined based on the application rate of 50 gallons of water per acre.

Greenhouse sampling
After each fungicide application, three berries were harvested from each grape cluster

replicate. The harvested berries were cut hemispherically and plated onto potato dextrose agar
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(PDA). All plates were incubated at 22°C in alternating light and dark conditions. The plates
were monitored for B. cinerea growth for approximately 7 days, and all resulting isolates were
sub-cultured. The Botrytis infection rate for each inoculum and fungicide treatment combination
was recorded. In addition to the sampling method conducted for all four physiological time
points, a final analysis of the clusters was conducted after the last, pre-harvest fungicide
application. Specifically, the entire clusters were harvested, and the individual berries were
removed with the peduncles still attached to not create wounds. The berries were incubated at
22°C in humid conditions to promote fungal vegetative growth. The berries were monitored for

BBR symptoms, and the disease incidence was recorded.

Fenhexamid resistance determination

Once all isolates were recovered, they were placed under light conditions to induce
sufficient sporulation such that spore suspensions could be obtained. Autoclaved tap water
(250uL) was used to flood a section of each plate, disposable L-shaped spreaders were used to
dislodge the spores, and the water was withdrawn using a pipette to be stored in a 1.5mL
Eppendorf tube. The resulting spore suspensions were vortexed to homogenize the suspension
and plated onto malt extract agar (MEA) plates containing the discriminatory dose of 50 ppm
fenhexamid (Weber & Hahn, 2011). The MEA plates with the spore suspensions were incubated
at 22°C in entirely dark conditions for 18 hours. Then the germination tubes of the spores were
visualized under a microscope to determine their resistance phenotype. Ten spores were

phenotyped at three random locations for a total of 30 spores for each plate.
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Greenhouse Experiment Protocol

Inoculation at Incubation for 2 Fungicide Application Sample Resulting Isolate Botrytis Harvest Plate
Bloom with Botrytis Days in High Berries Spores/Make Spore Spores/Determine]
Spore Suspension Humidity Conditions Suspensions Resistance Ratio

Figure 11. Protocol for the greenhouse experiments on whole grape clusters. Artificial
inoculation occurred at bloom with B. cinerea isolates at varying ratios of resistance. After
incubation, fungicide applications were applied at physiologically relevant timepoints. After each
timepoint and application, individual berries were sampled, Botrytis was isolated, and the
resistance ratio for each sample determined.

Statistical analysis

Given that the datasets resulting from the 2021 and 2022 seasons did not follow a normal
distribution, the infection rate and fenhexamid resistance rate datasets were transformed into
ranked averages and combined using the JMP Pro 15 software. Then the non-parametric ranked
averages were used to compare the fungicide treatments against one another under the varied
starting resistance scenarios. Using the Kruskal-Wallis test, statistically significant differences
between fungicide treatments were identified for both the infection rate and fenhexamid
resistance rate datasets across each of the four physiological time points sampled. Further, the
whole cluster infection rate data was analyzed using the same methods. To determine the effect
of individual factors on both disease severity and resistance selection, fungicide treatments
varying only in the factor of interest were compared. The results of all comparisons of a
particular factor were compiled despite differences in the other factors that were tested

simultaneously. Thus, herein the term “situations” is used to reflect the diversity of other factors
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that were blocked during the comparison of the factor of interest. As a result, the term may carry

a unique meaning dependent on the individual factor of interest being discussed.

Results

Prior to resistance emergence (0% starting inoculum)

Disease Severity (0% Starting Resistance)
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Figure 12. Disease control efficacies of various fungicide treatments on grape clusters

inoculated with sensitive B. cinerea isolates. The data included resulted from spray inoculation at
bloom. Fungicide treatments that were tank mixed with captan contained an active ingredient
concentration of 4793 pg/mL.

In the absence of fenhexamid-resistance, the efficacy of all fungicide treatments was high
and statistically better than the water-only (0 pg/mL) treatment throughout all physiological time
points except for the captan-only treatment. In addition, all fungicide treatments containing
fenhexamid were statistically grouped with one another indicating the maintenance of similar
disease control throughout all physiological stages, regardless of fenhexamid dose and presence
of a multi-site mixing partner (Figure 12). Disease control was similar across all physiological
time points including pre-harvest.
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Under entirely sensitive fungal population scenarios, the application of the higher
fungicide dose resulted in greater disease control numerically in 75% of situations (6 of 8) when
directly compared to the lower dose. However, none of the differences were statistically
significant and thus the experimentally lowered dose of 210 pg/mL fenhexamid was as effective
as the labeled dose at managing the disease. Further, when compared to the treatments of
fenhexamid alone at equal doses, the mixture with a multi-site fungicide resulted in lowered
infection rates numerically in only 58% of situations (7 of 12) across the four physiological time
points. Only one of the comparisons resulted in statistically significant differences potentially
indicating that the mixing with captan is unnecessary in the absence of resistance to the at-risk

single-site fungicide.

Limited resistance (5% starting inoculum)
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Figure 13. Disease control efficacy of various fungicide treatments on grape clusters inoculated
with resistant and sensitive B. cinerea isolates at a concentration of 5% spores resistant to
fenhexamid. Fungicide treatments that were tank mixed with captan contained an active
ingredient concentration of 4793 pg/mL.
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At the 5% resistance ratio, the efficacy of the fungicide treatments for controlling disease
was decreased compared to the 0% resistance ratio across physiological time points. All the
fungicide treatments containing fenhexamid resulted in statistically lower infection rates than
both the water-only (0 pg/mL) and captan-only (0 pg/mL mixed with captan) control treatments
throughout all physiological time points, except for one treatment at bloom (Figure 13). When
comparing the four fungicide treatments containing fenhexamid, the lowered dose (210 pg/mL)
mixed with captan provided statistically lower disease infection rates at bloom than the two
treatments of fenhexamid without captan. However, the labeled dose (1198 pg/mL) mixed with
captan resulted in statistically similar infection rates at bloom to the lowered dose mixed with
captan. At bunch closure and veraison, all four fungicide treatments containing fenhexamid were
statistically grouped together, except for the lowered fenhexamid dose mixed with captan which
had statistically lower infection rates than the labeled fenhexamid dose without captan. Finally,
at pre-harvest, all four fungicide treatments were statistically grouped together and resulted in
similar disease control. Consistent with the entirely sensitive (0%) resistance ratio, infection rates
were similar across all physiological time points including pre-harvest.

The application of the higher fungicide dose resulted in greater disease control
numerically in only 12% of situations (1 of 8) when directly compared to the lower dose.
Further, none of the differences were statistically significant. Thus, the experimentally lowered
dose of 210 pg/mL fenhexamid was as effective as the labeled dose at managing the disease.
Further, when compared to the treatments of fenhexamid alone at equal doses, the mixture with a
multi-site fungicide resulted in lowered infection rates numerically in 100% of situations (12 of

12) across the four physiological time points. One of the comparisons resulted in statistically
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significant differences, however, a trend exists advocating for the usage of a multi-site mixing

partner in the presence of low levels of resistance.

Resistance Selection (5% Starting Resistance)
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Figure 14. Resistance selection of various fungicide treatments on grape clusters inoculated with
resistant and sensitive B. cinerea isolates at a concentration of 5% spores resistant to
fenhexamid. Fungicide treatments that were tank mixed with captan contained an active
ingredient concentration of 4793 pg/mL.

The largest increases in resistance rates were observed at the first physiological time
point from the initial resistance ratio. Fungicide applications at the following time points resulted
in further, yet smaller increases in average resistance rates. All the fungicide treatments
containing fenhexamid resulted in statistically higher average resistance rates than both the
water-only (0 ug/mL) and captan-only (O pg/mL mixed with captan) control treatments
throughout all physiological time points, except for one treatment at bloom (Figure 14). The
lower fenhexamid dose (210 pug/mL) mixed with captan resulted in resistance rates that were
statistically grouped with both the control treatments at bloom, indicating the lower dose mixed
with captan most successfully managed resistance after a single fungicide application. At bunch

closure, the lower dose mixed with captan resulted in statistically lower resistance rates than the
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labeled dose regardless of the captan mixture. However, the lower dose mixed with captan was
no longer grouped with the controls indicating an increased level of resistance selection after the
second fungicide application. At veraison and pre-harvest, all four fungicide treatments were
statistically grouped together and resulted in similar resistance selection.

The application of the lower fungicide dose resulted in lower resistance rates numerically
in 88% of situations (7 of 8) when directly compared to the labeled dose. In addition, two of the
situations had statistically significant differences. The experimentally lowered dose, 210 pg/mL,
was more effective than the labeled dose at limiting resistance selection to the single-site
fungicide. Further, when compared to the treatments of fenhexamid alone at equal doses, the
mixture with a multi-site fungicide resulted in lower rates of resistance numerically in 83% of
situations (10 of 12) across the four physiological time points. None of the comparisons resulted
in statistically significant differences, however, a trend supporting the usage of a multi-site

mixing partner for lessening resistance selection exists.
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Intermediate resistance (15% starting inoculum)
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Figure 15. Disease control efficacies of various fungicide treatments on grape clusters
inoculated with resistant and sensitive B. cinerea isolates at a concentration of 15% spores
resistant to fenhexamid. Fungicide treatments that were tank mixed with captan contained an
active ingredient concentration of 4793 pg/mL.

At the higher, 15%, starting resistance ratio, the efficacy of the fungicide treatments for
controlling disease was decreased compared to the 0% resistance ratio across all physiological
time points. In addition, some fungicide treatments no longer maintained statistical differences
from the water-only (0 pg/mL) and captan-only (0 pg/mL mixed with captan) control treatments
throughout all physiological time points further indicating a widespread loss of efficacy (Figure
15). When comparing the four fungicide treatments containing fenhexamid, the two treatments
mixed with captan provided statistically lower infection rates at bloom than the water control.
However, the same doses of fenhexamid without captan did not have significantly lower levels
of infection than the water control at bloom highlighting a clear benefit of mixing with captan at
higher rates of resistance. At bunch closure, all treatments containing fenhexamid were

statistically grouped together with lower infection rates than the water control, except for the
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labeled dose (1198 pg/mL) of fenhexamid alone which continued to provide worsened disease
control. Finally, at pre-harvest, all four fungicide treatments were statistically grouped together
and resulted in similar disease control. Consistent with both the entirely sensitive (0%) and early
emerged resistance (5%) resistance ratios, the infection rate remained relatively similar across all
physiological time points for each fungicide treatment.

The application of the higher fungicide dose resulted in greater disease control
numerically in only 38% of situations (3 of 8) when directly compared to the lower dose.
Further, none of the differences were statistically significant indicating that the lowered dose,
210 pg/mL, was as effective as the labeled dose for disease management. When compared to the
treatments of fenhexamid alone at equal doses, the mixture with a multi-site fungicide resulted in
lowered infection rates numerically in 83% of situations (10 of 12) across the four physiological
time points. Only two of the comparisons resulted in statistically significant differences,
however, once again a trend exists advocating for the usage of a multi-site mixing partner in the

presence of higher levels of resistance.

Resistance Selection (15% Starting Resistance)

100 ~
90 -
80 ~
70 A
60 -
50 - @ Bloom
40 - Bunch Closure

30 4 O Veraison

20 A

Average Resistance Rate (%)

B Pre-Harvest
10 A

Water Control 210 | Captan Only 210

No Captan Tank Mixed with Captan
Fungicide Treatment (Fenhexamid Dose pg/mL)

45



Figure 16. Resistance selection of various fungicide treatments on grape clusters inoculated with
resistant and sensitive B. cinerea isolates at a concentration of 15% spores resistant to
fenhexamid. Fungicide treatments that were tank mixed with captan contained an active
ingredient concentration of 4793 pg/mL.

All the fungicide treatments containing fenhexamid resulted in statistically higher
average resistance rates than both the water-only (0 pg/mL) and captan-only (0 pg/mL mixed
with captan) control treatments throughout all physiological time points, except for one treatment
at bloom (Figure 16). The lower fenhexamid dose, 210 pg/mL, mixed with captan resulted in
average resistance rates that were statistically grouped with both control treatments at bloom,
indicating that it was the most effective treatment at managing resistance and limiting resistance
selection. In addition, the treatment was statistically different from both fungicide treatments of
fenhexamid without captan highlighting the benefit of using a lowered dose of the at-risk
fungicide and mixing parting for more effective resistance management. At the bunch closure,
veraison, and pre-harvest physiological time points all four fungicide treatments containing
fenhexamid were statistically grouped together and resulted in similar resistance selection. At the
higher 15% starting resistance ratio, more than one consecutive fungicide application containing
fenhexamid selected for near complete fenhexamid-resistance within the fungal population
regardless of dose or the presence of a multi-site mixing partner.

The application of the lower fenhexamid dose resulted in lower resistance rates
numerically in 88% of situations (7 of 8) when directly compared to the higher labeled dose with
one of the situations being statistically significant. Similar to the 5% starting resistance ratio, the
experimentally lowered dose, 210ppm, was more effective than the labeled dose at limiting
resistance selection to the single-site fungicide. Further, when compared to the treatments of

fenhexamid alone at equal doses, the mixture with a multi-site fungicide resulted in lower rates
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of resistance numerically in 83% of situations (10 of 12) across the four physiological time
points. Three of the comparisons resulted in statistically significant differences, supporting use of

a multi-site mixing partner for resistance management to the at-risk single-site fungicide.

Whole Cluster Infection Analysis
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Figure 17. Post-harvest disease control efficacies of various fungicide treatments on grape
clusters inoculated with B. cinerea. Whole grape clusters were harvested as a more
comprehensive method to assess the rate of infection and better quantify disease severity at the
end of the growing season. Fungicide treatments that were tank mixed with captan contained an
active ingredient concentration of 4793 pg/mL.

In addition to the sampling conducted after the pre-harvest fungicide application, the
entire clusters were harvested for all replicates. The whole clusters were incubated in the
laboratory setting to quantify the level of Botrytis infection more accurately at the end of the
growing season. Thus, the data included in (Figure 17) is the result of four consecutive fungicide
applications. The presence of captan was often responsible for statistical differences between the

four fungicide treatments containing fenhexamid. Under entirely sensitive scenarios, the most
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effective fungicide treatment for controlling disease was the labeled dose (1198 pg/mL) mixed
with captan, which had significantly lower average infection rates than both fenhexamid
treatments that were not mixed with captan. At the 5% starting resistance ratio, the most
effective treatment for disease control was the lower, 210 pug/mL, fenhexamid dose mixed with
captan. The treatment resulted in statistically lower infection rate averages than the equal
fenhexamid dose without captan. Finally, the higher 15% starting fenhexamid-resistant fungal
population was most effectively controlled by the labeled dose of fenhexamid (1198 pg/mL)
mixed with captan. However, similar to both the 0% and 5% starting resistance ratios, the
lowered dose mixed with captan had statistically similar results to the 1198 pg/mL fenhexamid
dose. Importantly, the 210 pg/mL and 1198 pg/mL fenhexamid treatments containing captan

were not statistically different from one another at any inoculum starting resistance rate.

Discussion

In this chapter, we attempted to validate the findings and trends identified from our
previous laboratory detached fruit assays. Specifically, we compared the effectiveness of
different spray tactics including altered fungicide dose and tank mixtures on resistance
management and disease control. These factors were tested on whole grape clusters under varied
frequencies of fenhexamid resistance in controlled greenhouse environmental conditions.
Throughout the greenhouse assays, the rate of fenhexamid resistance at each physiological time
point and subsequent fungicide application was quantified. Importantly, the most significant
increase in resistance frequencies was after the first fungicide application, potentially indicating
that a single inappropriate application of the fungicide may negatively impact resistance

management efforts more severely than previously understood. In contrast, the rate of infection
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across physiological time points remained relatively steady. This was an expected result given
that artificial inoculation was conducted only once at bloom. Thus, all points of sampling
throughout the growing season measured the rate of latent infections in the replicates. As a
result, largely the same level of BBR was observed post-harvest.

Despite significant results from the detached fruit assays demonstrating that the lower
dose of fenhexamid could provide effective disease control while selecting for resistance less
than the labeled dose, questions remained as to whether this dynamic would be consistently
expressed in the greenhouse setting. The laboratory environment in which the lower dose was
previously tested as part of the detached fruit assays was optimal conditions for the fungicide. In
contrast, the environmental factors present in the greenhouse were posited to make the
experimentally lowered fenhexamid dose impractical for effective disease control. In addition,
Ayer et al. (2020), a field experiment with conclusions in conflict with our findings on
fenhexamid dose, explicitly stated that future research in controlled environments was necessary.
In our greenhouse assays, in the absence of fenhexamid-resistant isolates, the labeled dose (1198
png/mL) was more effective at managing disease and resulted in lower average infection rates
numerically in 75% of situations (6 out of 8) compared to the lower dose (210 pg/mL). In
contrast, when the fenhexamid-resistance genotype was present, the lower dose (210 pg/mL) was
more effective at managing disease and resulted in lower average infection rates numerically in
75% of situations (12 out of 16) compared to the labeled dose. Importantly, none of the situations
in which the labeled dose resulted in better disease management were statistically significant.
Thus, the significantly decreased dose of 210 pug/mL was as effective at managing the level of
Botrytis infection as the labeled dose (1198 pg/mL) across varied resistance scenarios and all

physiological time points. Supporting the use of the lower dose of fenhexamid further, the
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decrease in dose of the at-risk fungicide selected for resistance less. Based on the data from the
5% and 15% starting resistance frequencies, the lower fenhexamid dose resulted in lower
average resistance rates numerically in 88% of situations (14 out of 16) when compared to the
higher, recommended dose on the fungicide label. Only three of these situations were statistically
significant, but in combination with the detached fruit assay results, the conclusions are clear. A
previous study testing the effect of lower single-site fungicide dose on resistance selection on
grapevines reported findings consistent with the detached fruit assays and greenhouse trial
results. The trial in Genet et al. (2006) tested varied fungicide doses on whole chardonnay plants
in growth chambers. These conditions are largely analogous to our experimental design and
strengthen our findings and the prospect of lowered single-site dose usage. The labeled dose of
the single-site fungicide fenhexamid is too high for greenhouse applications. Application of this
high dose is unnecessarily selecting for the resistance genotype at greater rates than lower doses,
which have been shown to be as effective at managing disease. Thus, regardless of the frequency
of resistance to the at-risk single-site fungicide in the fungal population, the lowest dose able to
maintain effective disease control should be recommended.

Across the 0%, 5%, and 15% starting resistance ratios, mixing with captan resulted in
lower average infection rates numerically in 81% of situations (29 out of 36) when compared to
the equivalent dose of fenhexamid alone (Figures 12, 13, 15). However, only four of these
situations were statistically significant. In addition, our previous detached fruit assays also found
the mixture of captan to be statistically better in control disease severity in many situations. A
possible explanation for the small number of situations with statistically significant differences
between treatments mixed with captan compared to treatments of the single-site fungicide alone

may be attributed to variations between the two growing seasons in the greenhouse. Significantly
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higher BBR infection rates were observed in the captan-only fungicide treatment relative to the
other treatments in the 2021 season. This difference was not observed in the 2022 season (Data
not shown). This may be indicative of ineffective disease control with captan in the 2021 season
caused by poor spray coverage on some replicates. In the context of resistance management,
between the 5% and 15% starting resistance rates, mixing with captan resulted in lower average
resistance rates numerically in 83% of situations (20 out of 24) when compared to the equivalent
dose of fenhexamid applied alone (Figures 14, 16). Of these situations, only three were
statistically significant. Despite this, a clear trend advocating for the continued use of multi-site
fungicides in mixture with at-risk single-site fungicides exists. These findings are consistent with
previous modeling studies advocating for the use of multi-site fungicides in mixture with the at-
risk single-site fungicides (Hobbelen et al., 2013; Mikaberidze et al., 2014). Further, in context
with the significant results discussed in the detached fruit assays, a case can be made in favor of
the continuation of tank mixing low-risk, multi-site fungicides like captan. However, the benefits
of mixing with captan may not significantly outweigh the prospective input costs of the fungicide
when controlling entirely sensitive fungal populations. In our study, the efficacy of fenhexamid
for controlling Botrytis infection at 0% starting resistance was high regardless of the presence of
a mixing partner (Figure 12). Mixing with a multi-site fungicide when spraying an at-risk single-
site fungicide in the presence of the resistance genotype is better justified based on our results.
Thus, the decision to mix with captan may be predicated on the level or phase of resistance in the
field. Screening for resistance to important chemistries is necessary for growers to make the most
informed decision for fungicide spray programs. Regardless, a mixture with captan would

typically be expected to contribute a net-positive effect on disease control and resistance
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management. If the frequency of resistance present in a field is in question, mixing the at-risk
fungicide with captan is a safe way to hedge against potential fungicide resistance.

Botrytis infection remains an issue in greenhouse production, beyond grape bunch rot,
where resistance to high-risk, single-site mode-of-action fungicides still poses a significant risk.
Fungal diseases caused by Botrytis spp. are often reported in strawberry, tomato, and ornamental
flower greenhouse production as the most destructive (Fan et al., 2016; Rupp et al., 2017; Zhou
et al., 2017). Horticultural crops commonly grown in the greenhouse setting are highly
susceptible to Botrytis infection and chemical control remains the most cost-efficient method of
control (Malandrakis et al., 2020). Fenhexamid resistance has been detected in greenhouse
production in Greece, China, and Cyprus at the rates of 52%, 2.8%, and 5.9 to 12.7%
respectively (Kanetis et al., 2017; Malandrakis et al., 2022; Zhou et al., 2017). Despite this, no
recommended fungicide rate for the greenhouse is currently specified for the fungicide Elevate
50 WDG or other similar fenhexamid-based products. To the best of our knowledge, the
development of new fungicides and active ingredients are primarily reliant on field trials to
determine the labeled rate, which may not be appropriate for greenhouse applications given the
drastically different environments between the field and greenhouse settings. Further, the
fungicide label explicitly states that the product should never be applied at a rate below the dose
listed on the label. This practice may be consistent with the justification for limiting resistance
emergence as detailed in previous mathematical modeling studies (van den Bosch et al., 2011).
However, it is inconsistent with the best strategies for managing resistance selection once
detectable levels of resistant isolates are observed as shown in this study. Our data from the
greenhouse assays support the trend of lower doses of the single-site fungicide resulting in

lowered resistance selection proving impactful in the validation of previous growth chamber and
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modeling studies (Genet et al., 2006; Metcalfe et al., 2000; van den Bosch et al., 2011; van den
Bosch, Oliver, et al., 2014). These findings necessitate greater nuance in the language provided
on fungicide labels regarding doses for greenhouse application. Given the conclusions from both
the detached fruit assays and greenhouse trials, the specification of a recommended, lower,
greenhouse application dose may be necessary. A reduced rate specifically labeled for
greenhouse application would allow for better resistance management, equivalent or better
disease control, lowered exposure for applicators, and lessened chemical inputs for greenhouse
producers. Further validation of these fundamental trends is necessary for other pathosystem and

active ingredient combinations.
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Summary

The development of resistance to the few effective remaining chemical classes of fungicides
labeled for control of Botrytis cinerea poses a significant risk for crop protection efforts and crop
production more broadly. In grapes and other small fruit crops, intensive fungicide use is
required for the control of common fungal diseases in open fields, which further contributes to
the selection of resistance. In this study, fungicide resistance and disease management strategies
regarding fungicide dose, mixtures, and application timing were tested across varied frequencies
of resistance to the at-risk fungicide, fenhexamid. These spray tactics were tested in a laboratory
environment on detached fruit with validation on whole Vitis vinifera 'Cabernet Sauvignon’
clusters in the greenhouse setting. Our findings were largely consistent with the previous work of
recent mathematical modeling and controlled environment studies. Our results from both the
laboratory and greenhouse assays support the lowering of the fungicide application dose of the
single-site fungicide for better resistance management. Further, doses significantly lower than
the dose recommended on the fungicide label were as effective at controlling disease under these
controlled environmental conditions. In addition, our results support the continued use and
mixture of multi-site fungicides to limit resistance selection. Surprisingly, fungicide applications
after tiny but visible signs of fungal infection were more effective at limiting resistance selection
than preventative sprays while providing equivalent disease control. In this pathosystem and
active ingredient combination, the most effective resistance management strategies were the
application of the at-risk fungicide at the lowest dose capable of effective disease control,
mixture with a multi-site fungicide, and delayed fungicide application until first signs of fungal

infection.
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